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ABSTRACT 

The  transient  aspects  of  the  thermal  defocusing 
of  a  COj  laser  beam  (10.6  p)  propagating  through  air 
doped  with  SF^,  have  been  studied  using  an  infrared 
detector  and  interferometry.  A  comparison  of  these 
results  with  theory  has  shown  that  the  defocusing  oc¬ 
curring  in  air  is  qualitatively  similar  to  that  observed 
at  0.63  p  in  liquid  CCI4  doped  with  iodine. 


PROBLEM  STATUS 

This  is  the  final  report  on  one  phase  of  a  contin¬ 
uing  problem. 
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THERMAL  DEFOCUSING  OF  A  CO^  LASER  BEAM 
IN  AIR  IX)PED  WITH  SF„ 


INTRODUCTION 

This  report  presents  a  laboiatory  study  of  thermal  defucusin(;  in  air  usint;  a  CO;, 
laser  beam.  Our  philosophy  in  undertaking;  a  small-scale  experiment  is  to  (;ain  sufficient 
understanding  of  the  phenomenon  to  predict  the  results  of  larger  scale  field  experiments 
and  to  indicate  the  areas  where  the  efforts  with  the  larger  and  more  ex^iensive  experi¬ 
ments  should  be  concentrated.  There  are  several  advantages  to  performing  a  laboratory 
experiment  rather  than  a  field  experiment  if  one  wants  to  gain  an  understanding  of  the 
field  situation.  For  example,  beam  quality,  absorption  coefficient,  path  length,  wind 
velocity,  and  the  homogeneity  of  the  medium  can  be  controlled.  The  medium  itself  can 
be  varied  as  well  as  the  beam  diameter  so  as  to  change  the  time  constants  associated 
with  conduction  and  convection  effects.  Since  one  can  limit  the  number  of  interactions 
in  the  phenomenon,  a  theoretical  description  of  the  effects  of  each  independent  variable 
taken  separately  becomes  feasible.  Approximate  theories  for  limiting  cases  may  be 
more  easily  tested  and  generated.  These  separate  analyses  may  then  enable  one  to  un¬ 
derstand  the  more  complex  situation  for  which  a  purely  mathematical  analysis  might  be 
exceedingly  difficult. 


OBSERVATIONS 
Intensity  Profiles 

The  observations  which  we  report  here  are  of  two  different  types  which  are  designed 
to  supplement  each  other.  The  first  is  the  observation  of  the  intensity  profile  of  the  de- 
focuslng  beam  as  a  function  of  time.  The  second  is  the  observation,  versus  time,  of  the 
Integrated  index  of  refraction  perpendicular  to  the  defocusing  beam.  These  observations 
clarify  the  processes  of  conduction  and  convection  along  the  beam. 

Figure  1  shows  the  experimental  arrangement  used  to  observe  the  intensity  profile 
of  the  defocusing  beam.  The  CO2  laser  beam  had  a  power  of  3.2  W  and  a  power  density 
at  the  center  of  21  W/cm^.  It  passed  through  a  cell  16  cm  in  length  which  contained  one 
atmosphere  of  air  and  enough  SFq  (less  than  5  torr)  to  provide  an  absorption  coefficient 
of  0.087  cm"  This  is  not  enough  to  alter  the  bulk  properties  of  the  medium  from  those 
of  air.  The  beam  was  then  swept  in  a  vertical  plane  past  a  gold-doped  germanium  detec¬ 
tor  by  a  four-sided  rotating  mirror  moving  at  1800  rpm. 

The  :rotating  mirror  and  the  detector  were  also  used  to  measure  the  Gaussian  pa¬ 
rameter  01  the  laser  beam  as  it  entered  the  absorption  cell.  (The  Gaussian  parameter 
is  defined  here  as  the  half  width  of  the  intensity  profile  at  1/e.)  Figure  2  shows  the 
measured  laser  intensity  profile  scaled  to  fit  a  Gaussian  function.  The  good  fit  ensures 
that  the  laser  was  operating  in  the  TEMqo  mode.  The  Gaussian  parameter  ft  for  the 
laser  beam  was  found  to  be  0.22  cm. 

Figure  3  shows  the  intensity  profile  of  the  defocusing  beam  at  the  indicated  times 
measured  from  the  moment  of  opening  of  an  electromechanical  shutter.  A  pulse  from 
the  shutter  triggers  the  upper  sweep  of  an  oscilloscope,  which  is  shown  as  the  upper 
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Fig.  2  -  Laser  intensity  profile  at  .‘i.H  W.  The 
data  |x)int8  arc  experimentai  measurements  and 
the  curve  is  a  theoretical  Gaussian  (e' 


trace  in  each  picture.  Each  spike  on  the  upper  trace  corresponds  to  one  sweep  of  the 
defocusing  beam  across  the  detector.  After  a  variable  time  delay,  a  brightened  spike 
occurs,  which  is  magnified  by  the  faster  speed  of  the  lower  sweep.  One  can  see  from  the 
upper  trace  spikes  on  the  first  oscillogram  that  the  defocusing  reaches  a  maximum  (or 
the  peak  intensities  reach  a  minimum)  at  about  0.05  sec.  After  attaining  its  maximum 
diameter  the  beam  contracts  somewhat,  but  not  to  its  original  width.  This  is  shown  by 
the  increase  in  amplitude  of  the  spikes  of  the  upper  trace  in  the  last  frame  at  0.44  sec. 

It  is  also  shown  clearly  by  the  increase  in  height  and  decrease  in  width  of  the  pattern  in 
the  lower  trace  of  this  frame  when  compared  with  the  beam  profile  shown  in  the  imme¬ 
diately  preceding  frames.  This  lessening  of  defocusing  is  caused  by  Increased  convec¬ 
tion  which  brings  unheated  air  into  the  beam  path,  thus  increasing  the  refractive  index  of 
the  medium;  this  has  been  observed  previously  in  thermal  defocusing  in  liquids  by  Car¬ 
man  and  Kelley  (1).  Due  to  the  vertical  plane  of  the  scan  across  the  detector  face  one 
observes  one  peak  instead  of  the  two  peaks  corresponding  to  a  half  moon  rim.  We  have 
observed  the  half-moon  pattern,  however,  in  the  defocused  beam  using  a  liquid  crystal 
detector. 


Index  of  Refraction 

We  turn  now  to  the  observation  of  the  index  of  refraction  changes  which  cause  the 
defocusing.  The  arrangement  of  the  apparatus  for  these  observations  is  shown  in  Fig.  4. 
The  CO2  laser  beam  is  incident  on  a  beam  expander  which,  for  the  present  experiment, 
was  operated  one-to-one,  i.e.,  both  mirrors  had  equal  focal  lengths.  The  mirrors  were 
adjusted  so  that  there  was  slight  focusing  of  the  beam  to  reduce  its  diameter  somewhat 
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Fig.  3.  -  Intensity  scans  of  defocusing  laser  beam.  The  times  shown  indicate  the  time  that  has  elapsed  since  opening 

of  the  camera  shutter. 
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at  Uu'  rc-H  enlranco  window  located  4  ni  from  the  laser.  The  dashed  mirror  after  the 
l)(  aiu  e.xpander  was  used  to  deflect  the  beam  to  a  rotating  mirror  and  then  to  a  detector 
ini'  measurement  of  its  profile.  The  distance  from  the  mirror  to  the  detector  equaled 
th.it  from  the  mirror  to  the  cell.  The  timing  reference  laser  sent  a  beam  into  the  field 
III  view  of  the  movie  camera  when  the  shutter  opened,  thus  marking  a  zero  reference 
time.  The  (lower  meter  was  used  to  monitor  continuously  the  power  during  each  filming 
run.  The  5-mW  He-Ne  laser  in  the  upper  right-hand  corner  served  as  the  light  source 
lor  the  Mach-Zehnder  interferometer. 

Before  considering  the  movie  data  of  the  fringes  formed  during  defocusing  in  air,  it 
i.s  uselul  for  purposes  of  comparison  to  review  briefly  the  evolution  of  the  fringes  ac- 
eom|)anying  defocusing  of  a  He-Nc  laser  beam  in  liquid  carbon  tetrachloride  doped  with 
iodine  (2).  This  is  shown  in  Fig.  5.  The  defocusing  beam  itself  is  showi'  at  the  right  of 
the  fringes  at  corresponding  times.  Notice  that  at  0.5  and  0.9  sec  the  fringes  and  the 
defocusing  beam  are  essentially  symmetrical.  At  2.5  sec  the  defocusing  beam  has  al¬ 
most  reached  its  steady-state  asymmetry,  but  the  fringe  asymmetry  is  only  perceptible 
in  the  very  first  fringe  at  the  left.  In  the  bottom  frame  (6.8  sec)  a  cylinder  of  heated 
fluid  is  rising  in  the  cell,  but  the  defocusing  beam  has  not  changed  appreciably. 

The  movie  in  the  case  of  CO^  absorption  in  air  was  taken  at  500  frames/ sec  but,  ex- 
ce|jt  for  the  faster  rate  of  development,  the  evolution  of  the  fringes  is  observed  to  be 
similar  to  that  described  above.  Three  frames  from  this  reel,  representing  states  cor- 
res|)onding  to  the  last  three  frames  show.i  in  Fig.  5  for  liquid  CCI4,  are  shown  in  Fig.  6. 
Tlic“  defocusing  beam  is  incident  from  the  left  at  the  position  indicated  by  the  arrow.  The 
early  time  symmetry  of  the  fringes  gives  way  to  gradually  increasing  asymmetry  as  the 
fringes  move  u[)ward  in  the  field  of  view  due  to  increasing  convection.  Cooler  air  re- 
(ilace.s  the  heated  air  and  there  is  a  decrease  in  the  amplitude  of  fringe  deflection  along 
the  heating  beam  axis. 
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Fig.  .1  -  Interference  fringe  deflection  due  to  the 
heating  of  CCI4  by  the  absorption  of  lie-Ne  laser 
light  (0028  A).  The  heating  beam  passes  through 
the  cell  horizontally  from  left  to  right.  The  time 
Indicated  on  the  left  of  each  photograph  is  the  time 
elapsed  since  turring  on  the  laser  beam ,  The  two 
small  patterns  at  the  right  show  the  thermally  de- 
focused  laser  beam  as  viewed  .OS  cm  from  the  e.\it 
window  of  the  liquid  cell.  (Two  patterns  are  pro¬ 
duced  due  to  reflections  from  the  two  surfaces  of 
the  beam  splitter.) 
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(l>)  ii.i.'ia  see.  and  (e)  il.'JT")  see.  The  heatin);  laser 
Ikmiii  (arrott)  enters  tIu*  alisorption  eell  throii)<;h  a 
window  and  passes  hori/ontally  throiiKh  the  eell 
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hand  eorner  of  the  frames  Is  from  lae  tiiniii); 
refei'eiu'e  laser.) 
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DATA  ANALYSIS 

We  have  exploited  the  sinulnrity  between  the  liquid  and  (!;as  cases  by  fitting  fringe 
shapes  oeeun'ing  at  early  times  to  contours  computed  from  the  thermal  diffusion  equa¬ 
tion  alone,  under  the  assumption  of  a  Gaussian  heating  source  (2).  Figure  7  shows  such 
a  lit  for  a  fringe  '  1  cm  from  the  entrance  window  at  0.042  sec.  The  dashed  line  on  this 
figure  induates  the  sha|)e  of  the  Gaussian  heat  source  used  to  compute  the  shape  of  the 
outer  curve.  The  reasonable  fit  of  the  data  is  consistent  with  the  general  indication  that 
convection  i.s  a  small  influence  at  this  time. 


Figure  8  is  a  comixisite  of  the  shapes  assumed  by  the  fringe  at  a  set  of  different 
tunes,  The.se  times  are  listed  on  each  curve.  It  is  pertinent  to  consider  the  shape  of  the 
fringe  at  significant  times  in  the  evolution  of  the  dcfocueing  as  indicated  by  the  rotating 
mirror  intensity  data.  In  Fig.  8  a  fringe  at  0.05  sec  would  correspond  to  maximum  de- 
focusing.  Perceptible  upward  fringe  motion  is  beginning  to  occur  at  about  that  time, 
which  also  corresixmds  to  the  thermal  conduction  time.  The  thermal  conduction  time 
constant  -  4K  (where  K  is  the  heat  diffusivity)  equals  0.056  sec  for  our  beam  radius. 
(The  conduction  time  is  the  time  it  takes  for  a  he.at  impulse  to  spread  over  the  beam 
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.u'l  M  iiui.  III  till-  I'oiivct  t luiilfss  It  corresiiiiiids  tn  tlie  tiiiio  at  wlileli  Uii'  beam  lias 

(li'liK  usi'd  to  about  hall  its  iiiaMiiiuiii  si/e.)  Ctintraetitiii  of  the  defoeusliiit  beam  has  been 
('oin|ilrt('>l  by  about  0.2h  sec  si  that  the  lrtii(;e  at  that  time  eorivs|)oiids  to  a  steady  state 
lor  ibr  i>ro|)a(;atiun  lu  ix  css.  riu>  Iriiittes  iii  the  reitiuii  of  tlu>  heating  beam  have  essen¬ 
tially  1 1  ai  Ill'll  Ihi'ir  liiial  sh  ipi'.  Coiisequeiitly,  the  fluid  iiiotioti  need  be  aecuunted  fur 
iliroi I'lually  only  duiiii(;  i  liiiiilid  tiiiu'  and  over  the  limited  re(;iun  of  the  heatini;  beam. 

Aiioihei  iiiitii  ation  oi  the  nature  of  the  fluid  motion  is  shown  in  Fig.  9.  This  is  a  plot 
oi  the  vertual  disiilaeenieiit  s  of  the  fringe  |M\ik  versus  time.  The  plot  indicates  that  al- 
tluiugli  lliiid  mol  lull  begins  at  t  0,  the  di.:|iiaeeiiient  has  been  less  than  25'r  uf  the  Gaus¬ 
sian  paranieter  up  to  about  O.I)r>  see.  As  we  have  seen,  the  defoeusing  stops  increasing 
alter  tins  time  beeause  ol  the  merease  m  the  fluid  motion.  The  slia|x;  uf  the  graph  ap¬ 
pears  to  be  roughly  parabolie  and  the  log-tog  pUit  of  Fig.  10  shows  that  this  is  indeed  the 
ease.  I  lie  eiiuatioii  ol  the  curve  ol  best  fit  is  shown  in  the  up|)cr  left-hand  corner  of 
Fig.  11). 
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Fig.  !)  -  Vertical  displacemenl 
1)1  the  fringe  iieak  as  a  function 
of  lime. 


We  have  eoinpuled  the  position  of  an  elemental  volume  of  the  heated  fluid  versus 
time  as  it  rises  in  the  tell,  using  an  approximate  solution  to  the  Navier-Stokes  equation. 
The  resulting  expression  for  the  displacement  D  at  early  times  t  is 

"  6T  pcp  ’ 

where  g  is  the  acceleration  of  gravity,  T  is  the  absolute  temperature,  a  is  the  absorp¬ 
tion  coefficient,  I,,  is  the  intensity  at  the  center  of  the  beam,  p  is  the  density,  and  Cp  is 
the  specific  heat  at  constant  pressure.  From  this  expression,  one  can  estimate  the 
length  of  time  for  which  convection  is  negligible  for  beams  of  various  powers  and  diam¬ 
eters,  and  for  different  absorption  coefficients.  For  example,  for  two  beams  with  differ¬ 
ent  diameters  propagating  through  media  with  absorption  coefficients  0|  and  02,  the 
limes  I  j  and  l|  at  which  the  displacements  correspond  to  equal  fractions  of  a  beam 
diameter  D  .1  are  related  by 
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Using  the  values  obtained  from  the  present  experiment  for  the  quantities  with  the  sub¬ 
script  1,  and  0.05  secs  for  tj  as  the  latest  time  for  which  convection  could  be  neglected, 
a  corresponding  time  can  be  computed  for  the  case  of  propagation  of  wide  laser  beams  in 
the  atmosphere  for  the  zero-velocity  case. 

If  convection  can  be  neglected,  one  may  describe  defocusing  through  the  use  of  the 
aberrationless  theory  given  by  Akhmanov  et  al.  (3).  The  Akhmanov  equation  can  be  opti¬ 
mally  tested  by  observing  thermal  defocusing  in  ethylene  glycol  since  the  viscosity  of 
this  liquid  is  such  that  convection  does  not  enter  into  the  effect.  Figure  11  shows  a  log- 
log  plot  of  the  Gaussian  parameter  divided  by  its  zero-time  value  versus  time,  for  a  de¬ 
focusing  beam  after  transversing  a  cell  of  ethylene  glycol  and  a  small  amount  of  dye. 

The  curve  was  determined  from  a  computer  solution  of  the  Akhmanov  et  al.  equation 
shown  at  the  right.  The  square  root  dependence  on  time  of  beam  defocusing  reported  by 
Carman  and  Kelley  (1)  can  be  obtained  from  this  equation.  The  experimental  points  were 
obtained  by  measuring  the  intensity  versus  time  at  the  center  of  the  defocusing  beam.  As 
may  be  seen,  the  experimental  points  fit  the  theoretical  curve  quite  well.  This  result, 
together  with  the  interferometric  data  presented  above,  indicates  that  the  Akhmanov 
equation  may  be  used  to  generate  graphs  of  defocusing  versus  distance  at  times  short 
compared  to  the  convection  time  for  the  case  of  propagation  in  the  atmosphere. 

In  summary,  our  experiments  have  shown  the  strong  similarity  between  thermal  de¬ 
focusing  in  liquids  and  gases.  Consequently,  much  of  the  theory  that  has  been  developed 
for  the  liquids  case  can  be  applied  to  the  gas  case  also. 
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I'i^.  1 1  -  Log-log  plot  of  the  normalized  Gaussian  param¬ 
eter  b  for  a  defoeusing  He-Ne  laser  beam  in  ethylene 
glycol  plus  a  small  amount  of  dye.  The  data  points  are 
derived  from  experimental  measurements  of  intensity  at 
the  center  of  the  beam,  and  the  solid  line  is  calculated 
from  the  solution  of  the  Akhmanov  et  al.  equation  at  vari¬ 
ous  times. 
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lit.  ABSTRACT  1 

The  transient  aspects  of  the  thermal  defocusing  of  a  COj  laser  beam  (10.6  n)  propagating 
through  air  doped  with  SF^  have  been  studied  using  an  infrared  detector  and  interferometry. 

A  comparison  of  these  results  with  theory  has  shown  that  the  defocusing  occurring  in  air  is 
qualitatively  similar  to  that  observed  at  0,63  /x  in  liquid  CCI4  doped  wltii  Iodine. 
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